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(57) A method of etching a dielectric layer on a sub- 
strate with high etching selectivity, low etch rate micro- 
loading, and high etch rates is described. In the method, 
a substrate having a dielectric layer with resist material 
thereon, is piaced in a process zone, a process gas is 
introduced into the process zone, and a plasma is 
formed from the process gas to etch the dielectric layer 
on the substrate. The process gas comprises (i) fluoro- 



hydrocarbon gas for forming fluorine-containing etchant 
species capable of etching the dielectric layer, (ii) re- 
generating gas having a liquefaction temperature L T in 
a range of temperatures AT of from about -60° C to about 
20° C, and (iii) oxycarbon gas containing carbon and ox- 
ygen bonded to one another The temperature of sub- 
strate is maintained within about ± 50°C of the liquefac- 
tion temperature L T of the NH 3 -generating gas. 
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Description 

The present invention relates to a process for etch- 
ing substrates, and in particular, for etching dielectric 
layers, such as silicon dioxide, on semiconductor sub- 
strates. 

In integrated circuit fabrication, it is often desirable 
to etch electrically insulative dielectric layers, such as 
silicon dioxide, undoped silicate glass, phosphosilicate 
glass (PSG), borophosphosilicate glass (BPSG), Si 3 N 4 , 
or TEOS deposited glass, that are used to electrically 
isolate devices or features formed on the substrate. For 
example, the dielectric layer can be deposited on a 
monocr y stalline silic on s ubstrate ; a pol ys il icon layer on 
the substrate; or on anti-reflective or diffusion barrier 
layers, such as titanium silicide.or titanium nitride. As 
another example, the dielectric layer can be deposited 
on electrically conductive interconnect lines that are 
used to electrically connect devices formed on semicon- 
ductor substrates. To etch the dielectric layer, resist ma- 
terial is deposited on the dielectric layer and patterned 
using photolithographic methods to the desired config- 
. u rat ion of hoi es o r I in e s . Hoi es are etch ed .thou gh the 
exposed portions of the insulative dielectric layers to the 
underlayers,.such as silicon, polysilicon, titanium sili- 
cide, or titanium nitride layers. The etched holes are 
filled with electrically conductive material to form vertical 
electrically conductive interconnects, commonly known 
as contact holes or vias, which connect devices formed 
on the substrate or interconnect lower levels of intercon- 
nect lines to upper levels of interconnect lines. 

In conventional etching processes, the dielectric 
layer is etched using a plasma of fluorocarbon gases, 
including for example, CHF 3 , CH 3 F, CF 4> and CH 2 F 2 . 
For example, commonly assigned U.S. patent no. 
5,242,538, which is incorporated herein by reference, 
discloses one preferred etchant gas composition com- 
prising CH 3 F, CF 4 , argon, and NH 3 . The NH 3 gas is used 
in an amount ranging from about 5 to 20%, and more 
preferably about 10%, by volume of the total gas flow, 
to serve as a source ol hydrogen radicals in the etching 
process. However, such conventional gas compositions 
^ do not provide dielect f ic etch rates exceeding 700 to 900 
nm/minute ; and often do not allow simultaneous control 
of the etch rate, etching selectivity ratio, and etch profile 
angle. Tailoring the gas composition to provide high etch 
rates results in low etching selectivity ratios and unac- 
ceptable etch prolile angles, or vice versa. Modern in- 
tegrated circuits often require etching selectivity ratios 
of greater than 10:1 with respect to the resist, and great- 
er than 20: 1 with respect to polysilicon, WS^, and TiS^. 
The etching selectivity ratio is the ratio of the dielectric 
etch rate to the rate of etching of the overlying resist 
layer, or the underlying silicon, polysilicon, titanium sili- 
cide, or titanium nitride layer. The etch profile angle, /. 
a, the angle between the sidewall of the etched feature 
and the plane of the substrate, is ideally about 90° to 
provide features having straight and substantially per- 



pendicular sidewalls. However, conventional etching 
processes often provide profile angles of less than 85°. 

Another problem with many conventional etching 
processes is that such processes can often only be op- 

5 erated in a narrow processing window, i.e., in a narrow 
range of process conditions that provide adequate etch- 
ing characteristics. It is generally desirable to have a 
more tolerant etching process that operates in a wider 
range of processing conditions to allow tailoring the 

>0 process conditions to achieve particular combinations 
of etching rates and etching selectivity ratios for different 
types of materials on the substrate. 

It is also desirable for the etchant gas to provide dis- 
sociated carbon s pecies that form polymeric byproduct 

'5 deposits, commonly known as "passivating" layers, on 
the sidewalls of freshly etched features, to limit etching 
of the sidewalls and provide "anisotropic" etching. How- 
ever, excessive deposition of passivating layers on the 
sidewalls of the etched features is undesirable, and can 

20 result in lower dielectric etching rates, that typically 
range from about 250 to 300 nm/minute. 

Thus, there is a need for an etching process that 
PJoyjdeshigh etching rates and. gqpdjetching selec . 
ratios. It is also desirable for the etching process to pro- 

25 vide uniform profile angles of at least about 85°. It is 
further desirable for the etching process to operate ef- 
fectively in a wide range of process conditions to allow 
tailoring of process conditions for particular combina- 
tions of materials. 

30 The present invention provides a method of etching 
a dielectric layer supported by a silicon wafer or other 
substrate and having a resist layer on portions thereof, 
at high etch rates, with good etching selectivity, and op- 
erable in a wide range of processing conditions. The 

35 method comprises the steps of placing the substrate 
and the dielectric layer supported thereon in a process 
zone, and forming a plasma from process gas intro- 
duced into the process zone to etch the dielectric layer 
on the substrate. The method is characterized in that 

40 the process gas comprises (i) fluorohydrocarbon gas for 
forming fluorine-containing etchant species, (ii) re- 
generating gas having a liquefaction temperature L T 
from -60 to 20°C; and (iii) oxycarbon gas containing car- 
bon and oxygen bonded to each other; and the substrate 

45 and the dielectric layer is maintained at a temperature 
(L T - 50)°C to (L T + 50)°C. It is believed that at least a 
portion of the NH 3 -generating gas forms MH 3 chemical 
species that adhere to the substrate surface at the liq- 
uefaction temperatures to enhance the etching rate of 

so the dielectric layer through surface reactions on the sub- 
strate. 

The etching process provided unexpectedly high di- 
electric etch rates up to about 900 nm/minute in combi- 
nation with excellent etching selectivity ratios. The un- 
ss expected etching properties were obtained by maintain- 
ing the volumetric flow ratio of the fluorohydrocarbon to 
NH 3 -generating gas within a range of about 2.5:1 to 
about 7:1. Furthermore, wide etching processing win- 
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dows were obtained when carbon-oxygen gas was add- 
ed. Preferably, the volumetric flow ratio of carbon-oxy- 
gen to fluorohydrocarbon gas was maintained at > 0.1 : 
lands 1:1. 

A preferred etchant gas composition comprises (i) 
fluorohydrocarbon gas selected from the group consist- 
ing of CH 3 F, CHF 3 , C 2 HF 5 , and C 2 H 2 F 2 , and more pref- 
erably CHF 3 ; and (ii) fluorocarbon gas selected from the 
group consisting of CF 4 , C 2 F 6 , C 3 F 8 , C 4 F 8 , and C 4 F 10 , 
and more preferably CF 4 . The NH 3 -generating gas can 
comprise NH 3 , NH 4 OH, CH 3 NH 2 , C 2 H 5 NH 2 , C 3 H 8 NH 2 , 
and mixtures thereof, of which NH 3 is preferred. The car- 
bon-oxygen gas can comprise CO, C0 2 , HCOOH, 

HCOHG.X,y 3 CODJ±!CH 3 OH 

which CO is preferred. An inert gas, such as argon, ca- 
pable of being activated by the plasma to sputter mate- 
rial from the substrate can also be added to the process 
gas to further enhance etch rates and provide anisotrop- 
ic etching. 

These and other features, aspects, and advantages 
of the present invention will be better understood from 
the following drawings, description and appended 
claims, which illustrate, examples of. the.. .invention, . 
where: ^ 

Figure 1a is a sc: ematic in vertical cross-section of 

a dielectric layer covering a substrate; 

Figure lb is a schematic^ verticai cross-section of 
the substrate ot I igure la after etching of the dielec- 
tric layer show.ng substantially anisotropically 
etched contact holes; 

Figure 1c is a schematic in vertical cross-section of 
a dielectric laye; covering electrically conductive in- 
terconnection lin t . s on a substrate; 

Figure id is a schematic in vertical cross-section of 
the substrate oi c igure 1c after etching of the die- 
lectric layer s! if wing substantially anisotropically 
etched vias; 

Figure 2 is a schematic view in vertical cross-sec-, 
tion of a process 1 tamber suitable for practicing the 
etching ptocess -J the present invention; 

.Figure 3 is a gr-ph showing the change in silicon 
dioxide, resist, a d polysilicon etch rates as a func- 
tion oi the vphjr: .trie flow ratio of CHF 3 to NH 3 ; 

Figure A is a goph showing the change in silicon 
dioxide and pot, !icon etch rates for increasing flow 
rates c-J NH 3 cv, . 

Figure 5 is a granh showing the change in silicon 
dioxide and poi- .ilicon etch rates as a function of 
the te<;i;>Ofaiun. ; f the support holding the sub- 
strate; 



Figure 6 is a graph showing the change in profile 
angle for etched features as a function of the volu- 
metric flow ratio of CHF 3 to NH 3 ; and 

5 Figure 7 is a graph showing the change in silicon 
dioxide and polysilicon etch rates for increasing flow 
rates of CO gas. 

The etching process of the present invention is use- 

10 ful for etching dielectric 20 on a substrate 25, as shown 
in Figures 1a - 1d, with high etching selectivity and good 
etch rates. The substrate 25 can be made of any mate- 
rial, such as glass, ceramic, metal, polymer, or semicon- 

ductor substrates, su ch as a sil icon or gal lium arsenide 

15 wafers. The dielectric 20 on the substrate 25 typically 
comprises a layer of silicon oxide, phosphosilicate glass 
(PSG), or borophosphosilicate glass (BPSG), having 
thickness of about 400 to 1500 nm. The dielectric layer 
20 can also comprise plurality of layers, such as for ex- 

20 , ample, a silicon oxide layer having a thickness of about 
1 00 to 500 nm, covered by a 300 to 800 nm BPSG layer. 
The dielectric layer 20 is used to electrically isolate de- 
vices or interconnect Nnes formed on the_ substrate 25. 
For example, the dielectric layer 20 can be deposited 

25 on an underlayer 26, such as a doped polysilicon layer 
28 or a diffusion layer 30, to electrically isolate the un- 
derlayer 26, as shown in Figure 1a. Dielectric layers 20 
are also used to cover etched interconnect lines that in- 
clude (i) a lower diffusion barrier layer 32, such as tita- 

30 nium, tungsten, titanium-tungsten or titanium nitride; (ii) 
an electrically conductive layer 34 comprising alumi- 
num, copper and silicon; and (iii) an anti-reflective layer 
36, such as silicon, titanium nitride or titanium-tungsten, 
as shown in Figure 1c, each of the layers being typically 

35 from about 200 nm to about 1 000 nm thick. Although the 
etching method of the present invention is illustrated for 
etching of dielectric layers, the etching method can also 
be used to etch films which include non-oxide layers 
such as silicon, polysilicon, silicide, nitride, or boride lay- 

40 ers, for example, Ta 2 0 5 , Ti0 2 , TIN, WSi x *. and MoSi x . 
Thus, the present invention should not be limited to etch- 
ing of dielectric layers. 

Typically, a photoresist 40, such as "RISTON," man- 
ufactured by duPont de Nemours Chemical Company, 

45 is applied on the dielectric layer 20, to a thickness of 
about 0.4 to about 1 .3 micron, and the features 45 to be 
etched in the insulative dielectric layer, such as contact 
holes or vias, are defined using conventional lithograph- 
ic processes in which the resist is exposed to a pattern 

50 of light through a mask that corresponds to the desired 
configuration of features 45. The dielectric layer 20 un- 
derlying the unexposed portions of the resist are etched 
in the etching process. During the etching process, pol- 
ymeric passivating deposits 46 are typically formed on 

55 the sidewalls 48 of the etched features 45. The etched 
features 45 are typically sized from about 0.2 to about 
10 microns, and more typically about 0.4 to 2 microns, 
and the spacing between the features is typically from 
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0.2 microns to 1 0 microns. 

In the present piocess, the dielectric layer 20 on the 
substrate 25 is eichod in a process chamber 50, such 
as for example, an MxP OXIDE ETCH chamber, com- 
mercially available irom Applied Materials Inc., Santa 
Clara, California, as shown in Figure 2, and generally 
described in commonly assigned U.S. patent nos. 
4,842,683 to'Chenci, et al., and 4,668,338 to Maydan, 
et al., both of which are incorporated herein by refer- 
ence. The particular embodiment of the process cham- 
ber 50 shown heron, is suitable for processing of sem- 
iconductor subs ti ;:: j s 25, is provided only to illustrate 
the invention, and ;,:,ould not be used to limit the scope 
of the invention. Fo; exam ple, the etchin g pro cess of ther 



present invention cv* be used to etch any substrate 25, 
and can be used lr-r manufacturing processes other 
than semiconductor iabrication. 

To perform th-.-? orocess, the chamber 50 is evacu- 
ated to a press ut o s less than about 1 mTorr, and a sub- 
strate 25 is tranbiV :< <xi lo a plasma zone 55 of the cham- 
ber 50 from a io?< ock transfer chamber (not shown) 
maintained ai var , . n. Typically, the plasma zone 55 
comprises a vcfu: ^ of at least about 5,000 cm 3 , and 
more preferably {; v -i bout 10,000 to about 50,000 cm 3 . 
The substrate <$ . , .^ced on a support that also serves 
as a cathode t,u : rdc 60, and the sidewalls of the 
chamber 50 aio <- 'heady grounded to form an anode 
electrode 65 iv. s osirate 25 an be held in place dur- 
ing the etching ,x • ss using a mechanical or electro- 
static chuck (nc; ■ ■ n} with grooves in which a coolant 
gas, such as fv.. s held to control the temperature 
of the substraio. 

Process g.ii . introduced into the chamber 50 
through a gas c. ; x 80 peripherally disposed about 
the substrate £5 ■ ihe chamber 50 is maintained at 
a pressure ran cm' .^n about 1 to about 1000 mTorr, 
and more typical, , 1 0 to 300 mTorr. An electric field 
is maintained i», ■ ■ i.isma zone 55 to form a plasma 
from the proe s v) inductively by applying an RF 
current to an ; * coil (not shown) encircling the 
process chan ». * ;i) capacitively by applying an RF 
current to the and anode electrodes 60, 65 in 

the process ch . 0, or (iii) both inductively and ca- 
pacitively. In r-. ' m etching (RIE) processes, the 
plasma is type > natively generated by applying 
an RF voltaca >wer level of from about 100 to 

about 2000 \V- : - e cathode electrode 60, and by 
electrically c; f he anode electrode 65. Alterna- 

tively, an RF i. . a power level of from about 750 
Watts to aboi ' . iUs can be applied to an inductor 
coil to inductiv . e energy into the chamber 50 to 
generate the i • i ihe plasma zone 55. The fre- 
quency of the i mt applied to the process elec- 
trodes 60, 6C - vi coil is typically from about 50 
Khz to 'about ,; and more typically about 13.56 
MHz. 

The plas ! so be enhanced using electron 

cyclotron roc- . r magnetically enhanced reac- 



tors, in which a magnetic field generator 85, such as a 
permanent magnet or electromagnetic coils, is used to 
apply a magnetic field in the plasma zone 55 to increase 
the density and uniformity of the plasma in the plasma 
5 zone 5i5. Preferably, the magnetic field comprises a ro- 
tating magnetic field with the axis of the field rotating 
parallel to the plane of the substrate 25, as described in 
U.S. Patent No. 4,842,683, issued June 27, 1 989, which 
is incorporated herein by reference. The magnetic field 

10 in the chamber 50 should be sufficiently strong to in- 
crease the density of the ions formed in the plasma, and 
sufficiently uniform to reduce charge-up damage to fea- 
tures 45 such as CMOS gates. Generally, the magnetic 
field as m eas ured on a surface of the su bstrate 25 is 

'5 less than about 500 Gauss, more typically from about 
10 to about 100 Gauss, and most typically from about 
10 Gauss to about 60 Gauss. 

Spent process gas and etchant byproducts are ex- 
hausted from the process chamber 50 through an ex- 

20 haust system 90 capable of achieving a minimum pres- 
sure of about 10* 3 Torr in the process chamber. A throttle 
valve 95 is provided in the exhaust for controlling the 
pressure in the chamber 50. Also, an optical endpoint 
measurement technique is typically used to determine 

25 completion of the etching process for a specific layer by 
measuring the change in light emission of a particular 
wavelength corresponding to a detectable gaseous spe- 
cies. A sudden decrease or increase in the amount of 
the detectable species, such as for example, CO or CIM, 

30 that results from chemical reaction of the process gas 
with the silicon dioxide or polysilicon layer indicates 
completion of etching of the dielectric layer 20 and start 
of etching of the underlayer 26. 

The etching process of the present invention uses 

35 a process gas that provides high etch rates and highly 
selective etching of the dielectric layers 20 on the sub- 
strate 25. The process gas includes (i) fluorohydro -car- 
bon gas for forming fluorine-containing etchant species 
capable of etching the dielectric layer 20, and for forming 

40 passivating deposits 46 on the substrate 25, (ii) re- 
generating gas for enhancing etching rates of the fluo- 
rine-containing etchant species by adsorping onto the 
surface of the substrate, (iii) carbon-oxygen gas for al- 
lowing the etching process to operate in a wider range 

45 of processing conditions, and (iv) optionally, an inert gas 
can be added to the process gas to provide sputtering 
ions that sputter material from the substrate 25. In the 
etching process, the process gas is introduced into the 
chamber, and pressure in the chamber is maintained 

50 from about 10 to 500 mTorr, and more preferably from 
about 50 to about 300 mTorr. The RF power applied to 
the process electrodes 60, 65 is preferably from about 
200 to about 2000 Watts, and more preferably from 
about 400 to about 1 200 Watts. Preferred process gas 

55 compositions and volumetric flow ratios will now be de- 
scribed. 

The fluorohydrocarbon gas is capable of forming 
fluorine-containing species that etch the dielectric layer 
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20 on the substrate 25. For example, a silicon dioxide 
layer is etched by i' mci ine-containing ions and neutrals, 
such as F, HF, F-, C :: , and CF 2 to form volatile SiF x spe- 
cies that are exhausted from the chamber 50. By fluor- 
ohydrocarbon gas it is meant a gas that includes carbon, 
fluorine, and hydrogen, preferred fluorohydrocarbon 
gases comprising, for example, CHF 3 , CH 3 F, C 2 HF 5 , 
CH 2 F 2 , and mixtures thereof. The NH 3 -generating gas 
comprises ammonia or a gas capable of generating 
NH 3 -containing spools such as gases comprising 
NH 2 -, NH 3 , or NH. ■ . : -ns or molecules, including for ex- 
ample NH 3 , NH .,0* C H 3 NH 2 , C 2 H 5 NH 2 , C 3 H 8 NH 2 , and 
mixtures thereot. Ct these gases, NH 3 is preferred for 
Jhe_ reason s.prpvidjjcLboJp.w. _ 



It has been discovered that fluorohydrocarbon gas 
in combination with MH 3 -generating gas provides unex- 
pected and surprising results. Although the reaction 
mechanism is not fi 'ty understood it is believed that the 
following reaction :-ir nanism provides increased etch 
rates and higher ct :j selectivity. The NH 3 -generating 
gas is selected :o ! v , a high sticking coefficient on the. 
dielectric layer 20 : ol ; ;cfcrably at least about 0.3, and 
more. preferably a! ea-.i about 0.5. The higher sticking 
coefficient occurs because the N regenerating gas has 
a relatively high liquet action temperature L T (compared 
to that of convention^! etchant gases) of at least about 



-80°C, and more p- 
AT of from abnut 
whereas NH ? nat 
and a sticking cc 
gas, such as CFj 
about -100°C anc 
about 0.1. The hi; 
higher sticking coe 1 . 
a portion oi gascou- 
such as NH 3 or . 
25 during me r c-i 
drocarbon g?>- ,f 
the substrate, !•. ; 



2CHF- 

The chemical ; : 
HF, HF 2j h;vJ f • 
results in rapid* U 
the surface ion i ■.. 
reactions in wl.i^h ■ 
limit reaction t nc 
process (ps c ; or 
products away ( v. 

During the * 
cooled to ten ' - 
NH 3 -gene r aiir; 



rably in a range of temperatures 
C to about 20°C. For example, 
refaction temperature of -33°C 
^ni ol about 0.5; a fluorocarbon 
s a liquefaction temperature of 
ticking coefficient of less than 
i liquefaction temperatures and 
Ofi ts are believed to cause at least 
-d liquid NH 3 - gene rating phases, 
^cios, to adsorb on the substrate 
rocess and react with fluorohy- 
'tnple CHF 3 ), on the surface of 
owing reactions:' 1 ' 



~> NH 4 HF 2 + 2CF 2 (1) 



-> NH 4 F + HF + 2CF 2 (2) 



*g ol the highly reactive NH 4 F, 
'•js to the substrate surface 25 
■t the dielectric layer 20 because 
■ ) much faster than gas transport 
■-■uly slow transport mechanisms 
inc mass transport of etchant 
!ho substrate, and etchant by- 
substrate. 

: otocess, the substrate 25 is 
s jliiciently low to cause the 
:o adsorb onto the surface of 



w 



the substrate 25. The substrate temperatures are actu- 
ally the temperatures of the support 60 used to support 
the substrate, which are typicaiiy 5 to 50°C lower than 
the true substrate temperatures and are measured by a 
thermocouple located within the support. Preferably, the 
substrate 25 is cooled to temperatures that fall in a range 
of temperatures within about ± 50°C, and more prefer- 
ably about ± 30*C, of the liquefaction temperature L T of 
the NH 3 -generating gas to allow adsorbtion of the gas 
on the substrate surface. Thus, for liquefaction temper- 
atures L T within a range of temperatures AT of from 
about -60°C to about 20°C. The substrate is maintained 
at temperatures ranging from about -110°C to about 
_7Q°C, and more preferably from about -90°C t o about 



15 



20 



25 



30 



35 



40 



45 
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50° C. Most preferably, the substrate 25 is maintained at 
temperatures substantially equivalent to the liquefaction 
temperature L T of the NH 3 -generating gas. 

One aspect of the unexpected results obtained from 
the present process are shown in Figure 3, which graphs 
etch rates obtained using a process gas comprising 
CHF 3 and NH 3 . It is seen that the average etch rates of 
the dielectric, photoresist 40, and polysilicon layers, 
vary nonlinearly with increasing flow ratios of CHF 3 to 
NH 3 , The etch rate of silicon dioxide, rapidly increases 
at a CHF 3 :NH 3 flow ratio of from 1:0 to about 2:1, as 
shown by the portion 202 of the curve 200. Thereafter, 
the silicon dioxide etch rate rapidly decreases as the 
CHF 3 :NH 3 flow ratio increases from about 2:1 to about 
2.5:1, as shown by the portion 204. Of particular interest 
is the portion 206 of the line 200, corresponding to 
CHF 3 :NH 3 flow ratios of from about 2.5:1 to about 7:1, 
where the average etch rate of the silicon dioxide layer 
remains relatively uniform and stable for a relatively 
wide range of gas flow ratios. 

The average polysilicon etch rates, as shown by line 
210 in Figure 3, exhibits similar behavior with the poly- 
silicon etch rate rapidly increasing for CHF 3 to NH 3 flow 
ratios of 0:1 to 2:1, as shown by the portion 212 of the 
line 210; and thereafter, rapidly decreasing for flow ra- 
tios of about 2:1 to about 3:1, as shown by the portion 
214. At CHF 3 :NH 3 flow ratios less than about 2.5:1, the 
high polysilicon etch rates results in excessive etching 
of the polysilicon layer, and etching selectivity ratios as 
low as 2:1. In contrast, for CHF 3 to NH 3 flow ratios of 
about 2.5:1 to about 7:1, the etch rate of poiysiiicon is 
low and relatively stable, as shown by the portion 216. 

The resist etch rate, as shown by the line 220 of 
Figure 3, initially rapidly decreases for CHF 3 :NH 3 flow 
ratios between 0:1 to 3: 1 , as shown by the portion 222, 
and thereafter, more gradually decreases to zero, as 
shown by the portion 226. Operation of the etching proc- 
ess in the portion 222, at low CHF 3 :NH 3 flow ratios of 
less than 2.5:1, would provide narrow processing win- 
dows because the dielectric etch rates changes rapidly 
for small changes in process gas flow rates, and normal 
flow rate fluctuations would cause significant variability 
in etch rates between different process runs. Also, the 
high resist etching rates at these flow ratios can result 
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>ind etching of the dielectric layer 20 

nstratcs that a fluorohydrocarbon to 
is flow ratios of from about 2.5:1 to 

• e preferably from 3: 1 to 6: 1 , provides 
h rates of at least about 400-500 nm/ 
iianeously providing good etching se- 
, : ching of silicon dioxide relative to re- 

• ■ These flow ratios correspond to the 
r >iOo Kch rate line 200, the portion 
n eic - rate line 210, and the portion 
h rat ; line 220. In these portions of 

■ - S, the lowpolysilicon and resist etch 
•-Hch inr; s elect ivity rati os; whil e simul- 
. .:tric o'ch rates are maintained at rel- 

Also, the dielectric polys ilicon and 
; emain relatively stable and uniform 
< m c\h- flow ratios to provide a wide 

• Tlk o unexpected results demon- 
e o' sing a CHF 3 and NH 3 combi- 
ne! v u metric flow ratios to provide 

,s an..; etching selectivity ratios. 
;o Fi ires 4 and 5, it is seen that the 
vs rk non -linearly as a function of 
■-ger ♦ raiting gas, and the tempera- 
oldi : the substrate (commonly re- 
tn. era ture). Fiyure 4 shows that 
<:\cj : etch rates vary in the form 
■•s' od curve, with dielectric etch 
NH ow rates from 0 to 25 seem, 
JHn - 'jw rates from 25 to 50 seem. 

■ >ch rates also peak at an NH 3 
. ■ , although to a lesser degree. 

■ cir t U-shaped variation in etch 
^o 1 ; NH 3 is not anticipated from 
no -mes the unexpected results 

■ ' y. 

m .nge in average dielectric and 
^ r. : function of increasing sub- 
: en that while the etch rate of 
■/ 0 decreases with increasing 
i rate of the polysilicon layer, 
-e lectivity ratio, does not sig- 
<r 'easing temperatures. This 
,l i i substrate temperature sig- 
: hing rates, and higher substrate 
d to slow down the rate of etch- 
20 during etching of thin die- 
?G or silicon dioxide layers, 
"p oral u re range can be used 
. tng selectivity ratios, which 
i .:e with increasing tempera- 

t j unusual etching character- 
.' :arbon and NH 3 -generating gas 
. ..in profile angle of etched fea- 

* increasing flow ratio of fluoro- 
,\uing gas, as shown in Figure 



6. The profile angle of the etched features were meas- 
ured using the average value of multiple measurements 
of etched contact holes having diameter of about 0.8 
urn, at both the center and edge of the wafer, using SEM 
5 (Scanning Electron Microscope) photographs of cross- 
sections of the etched substrate 25. It was observed that 
at low flow ratios of CHF 3 :NH 3 , namely at flow ratios less 
than about 2.5:1, the profile angles of the etched fea- 
tures 45 are typically less than 80°, and often as low as 

io 70°. Furthermore, CHF 3 :NH 3 flow ratios higher than 5: 
1 also provided low profile angles of less than about 75°. 
In contrast, CHF 3 :NH 3 volumetric flow, ratios ranging 
from 2.5:1 to 5:1 provided optimal profile angles typicaiiy 
_ ra nging from about 80° t o abou t 90°, a rid more typically 

'5 from about 85° to 90°. 

For these reasons, the volumetric flow ratio of fluor- 
ohydrocarbon to NH 3 -generating gas is selected specif- 
ically for particular material combinations to provide (i) 
a dielectric etch rate of at least about 500 nm/minute, 

20 (jj) a dielectric to resist etching selectivity ratio of at least 
about 10:1, and more typically at from 1 00: 1 to °°: 1 , and 
(iii) a dielectric to underlayer etching selectivity ratio of 
at least about 25: 1 . The volumetric flow ratio of fluoro- 
hydrocarbon to NH 3 -gene rating gas can also be adjust - 

25 ed so that the etched features 45 have profile angles of 
at least about 85°. As described above, preferred volu- 
metric flow ratios of fluorohydrocarbon to NH 3 -generat- 
ing gas that provide high etch rates, good etching se- 
lectivity, and excellent profile angles, are from about 2.5: 

30 1 to about 7: 1 , and more preferably are from 3: 1 to about 
6: 1 . Although, preferred ranges of volumetric flow ratios 
are described herein, it should be understood that the 
volumetric flow ratios can be tailored for different com- 
binations of materials, and to achieve specific etching 

35 selectivities, etch rates, or etched feature geometries, 
for example aspect ratios or profile angles, without de- 
viating from the scope of the present invention. 

It is further discovered that the addition of oxycar- 
bon gas or carbon -oxygen gas (by which it is meant a 

40 gas containing carbon and oxygen bonded to each oth- 
er) to the process gas allows the etching process to op- 
erate in a wider range of processing conditions, such as 
process gas flow rates, pressures, temperatures, and 
RF power levels. Preferred oxycarbon or carbon-oxy- 

45 gen gases include CO, C0 2 , HCOOH, HCOHO, 
CH 3 COOH,,and CH 3 OH. The oxycarbon or carbon-ox- 
ygen gas typically reacts with fluorine-containing spe- 
cies to form volatile COF 2 , thereby reducing the fluorine 
concentration in the process chamber 50 and conse- 

50 quently reducing the rate of etching of polysilicon to pro- 
vide higher etching selectivity ratios. In addition, the car- 
bon-oxygen gas enhances the formation of free carbon 
and CF 2 species that react with other species, such as 
nitrogen, fluorine, and boron to form polymeric passivat- 

55 ing deposits 46 on the sidewalls of the etched features 
45 to provide anisotropic etching of the dielectric layer. 
However, excessively high flow rates of the carbon-ox- 
ygen gas can cause thick passivating deposits 46 to 
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form on ^ ub ; ~ resulting in lower dielectric etch drocarbon and fluorocarbon gases provides optimum 

rates. Ti or :he flow rate of carbon-oxygen etch rates and etching selectivity ratios. Although the 

gas is ma .in ; • than, or substantially equal to, gas chemistry is not fully understood, it is believed that 

the flow t ofi 1 hydrocarbon gas to provide suf- the fluorohydrocarbon gas provides hydrogen species 

ficient II; :c-( k\ species to rapidly etch the 5 that combine with free fluorine radicals to form gaseous 

substrain v/ 1 • v. iing high etching selectivity and HF that is exhausted from the chamber 50 to increase 

anisotroi; \c\ Y 2 preferably, the volumetric flow the carbon available to form passivating deposits 46, 

ratio of tin rb - n gas to fluorohydrocarbon gas and limiting the fluorine species available for etching the 

is at leas* ; ,d less than or equal to about 1 : dielectric 20. In contrast, the fluorocarbon gas provides 

1 - 10 increased amounts of free fluorine that balances micro- 

The on-oxygen gas to the process loading effects. However, excessive amounts of fluoro- 

gassub,- u .-s the processing window of the hydrocarbon gas provides etched features having ta- 

etching ; -1 the process to be operated in pered or sloped sidewalls because of the high carbon 

-.a.wideu u___,^£oriditions. Wit h reference to content tha t results jn increased p assivati ng deposits on 

Figure 7, 3 creasing flow rates of the car- is the sidewalls of the features. A preferred combination 

bon-oxy< :a .1 a substantial reduction of the of gases include a fluorocarbon such as CF 4 , and a 

polysilic. ^ about 5 nm/minute to almost fluorohydrocarbon such as CHF 3 , in a volumetric flow 

0 nm/mi: v -taneously maintaining the sili- ratio of about 0:1 to about 1:2, and more preferably from 

condiox -<r ataniially constant at about 650 about 0.1:1 to about 1:20. 

nm/min«i' \ idilion of carbon-oxygen gas 20 One preferred composition of process gas suitable 

signifies - -_• oiching selectivity ratio of sil- for etching silicon dioxide layers on a silicon substrate 

icon die , ; > -slysilicon while maintaining 25 with high selectivity, comprises CHF 3 , NH 3 , CO, CF 4 , 

high ant \: , : ; o<;ie etch rates. This allows and argon. For the volume within the process chamber 

tailoring - \ composition by increasing the 50 described herein, (i) a suitable flow rate of fiuorohy- 

flow rate ic! ieve desired etchingchar- 25 drocarbon gas, such as CHF 3 , is from about 5 to about 

acterisik in:; high dielectric etch rates 200 seem, and more preferably from 10 to 100 seem; (ii) 

over a v\ .0^. conditions. a suitable flow rate of NH 3 -generating gas is from about 

Pre t .z a:<ded to the process gas to 2 to about 50 seem, and more preferably from about 4 

provide . : j atching through highly di- to about 20 seem; (iii) a suitable flow rate of CO is from 

rection; r 1: } substrate 25 by charged 30 about 0 to about 200 seem, and more preferably from 

inert ga. - gized by the electric field about 10 to about 100 seem; (iv) a suitable flow rate of 

in the ci as also assists in sputter- fluorocarbon gas, such as CF 4 , is preferably from about 

ing-off i , c ( is 46 on the sidewalls of 0 to about 40 seem, and more preferably from about 2 

the free : . s ^5 to reduce the thickness to about 20 seem; and (v) a suitable flow rate of inert 

of such :■: desirable for the inert gas 35 gas, such as argon, is from about 5 to about 300 seem, 

to have c. . uion energies, so that the and more preferably from about 1 5 to about 200 seem, 

inert ga ;r onized metastable states Because flow rates are selected depending upon the 

that pk reactions which promote volume of the chamber 50, the invention should not be 

dissoci s. Suitable inert gases in- limited to the flow rates recited herein, 

elude a,' ion, and krypton, of which 40 

argon ii ; inert gas is added to the EXAMPLES 

process . :sired anisotropic etching ^ 

levels a, , ;iation of the process gas. The following illustrative examples of the present in- 

Howev-. ; flow rates can cause ex- vention are shown to etch dielectric layers 20 on semi- 

cessivc • - i on the substrate 25, re- 4$ conductor substrates 25, with high etch rates, and high 

suiting : ching of the dielectric lay- etching selectivity ratios. However, the apparatus and 

er 20 ir 1 charged argon ions also method of the present invention can be used in other 

enhafu the NH 3 or NH 4 species applications as would be apparent to those skilled in the 

adsorb ? substrate 25 by ion bom- art, and the scope of the present invention should not 

bardmc isotropic etching charac- so be limited to the illustrative examples provided herein, 

teristic'- e volumetric flow ratio of In these example, the substrates 25 comprised sil- 

inert g. . ■ from about 0.1:1 to about icon wafers having a diameter of 200 mm (8 inch), and 

1 0: 1 , a J n 1 : 1 to about 3: 1 . coated with different layers, such as polysilicon, conduc- 

ln i *ie present invention, the tivity enhancement layers, or diffusion barrier layers 32, 

proces 'ure of (i) fluorohydrocar- ss as described below. In each experiment the substrate 

bon ga i gas that are absent hy- 25 was placed on the cathode 60 of an MxP OXIDE 

drogei. : 3 F 8 , C 4 F 8 and C 4 F 10 . It ETCH chamber 50, the chamber 50 was maintained at 

has be- nbination of the fluorohy- a pressure of from about 80 mTorr to about 250 mTorr. 
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Proces; - HF 3 and NH 3 was used. The cm NH 3 , 11 seem CF 4 , and 80 seem Ar. This gas com- 

substir ■: > :r:mperatures ranging within position had a CHF 3 :NH 3 ratio of about 5:1. The pres- 

about l» \ iciion temperature L T of NH 3 sure in the chamber 50 was maintained at 225 mTorr, 

gas wb using a flow of helium on the and the support maintained at a temperature of -30°C. 

backs it- : 25 maintained at a pressure s a plasma was formed from a process gas for applying 

of aboL/. .vas generated in the plasma a current at a power level of about 1000 Watts to the 

zone 5C / . voltage to the process elec : electrodes 60, 65 in the process chamber 50, and the 

trodes t ' - vel of about 1000 Watts. The plasma was enhanced using a rotating magnetic field 

plasma - ; ! applying a rotating magnetic having a strength of 38 Gauss, 

field of : "\o plasma zone 55. 10 Example 2 demonstrated the effectiveness of a 

Sc ic optical microscopy tech- CHF 3 :NH 3 ratio of about 5:1 for etching of contact holes 

niques sum the (i) etch rates of the having a diameter of 0.4 u.m in a BPSG layer. BPSG 

dieleci .-'v/ors, and (ii) etch rate uni- etching rates greater than 900 nm/minute were ob- 

formit y ■> :h cu lated by measuri ng the tained, and the e tching selectivity rat joofjPSG to TiS 2 

depthc - .; t ed in the wafers. The etch- was greater than 25:1 . The etching^rocess also provld- 

ing sei culated from the ratio of the ed average profile angles of greater than 86°. 

etch fr: : f-yers 20 to the etch rate of 

the Til?" > .-it layers. Example 3 

Exam ;- , 20 This example is provided to demonstrate the effect 

of a different flow ratio of fluorohydrocarbon gas:NH 3 - 

Tl. [ s f r ' to demonstrate use of a generating gas, in a process gas comprising fluorocar- 
procef \ i ohydrocarbon gas, NH 3 - bon gas. In this example, the substrate 25 comprised a 
gener; ■ i gas, and inert gas. In this dielectric layer 20~of silicon oxide in a thickness of 1 ,6 
exami. i on the substrate 25 com- 25 deposited on a titanium nitride layer having a thick- 
prised r naving a thickness of 1 to ness of 500 A. Via holes having a diameter of about 0.4 
2 um : . vn underlayer 26 having a u,m were etched in the dielectric layer 20. 
thicknt ' !ig dielectric layer 20 was A process gas comprising 33 seem CHF 3 , 11 seem 
etchec ,-■ *;or contact holes. NH 3 , 5 seem CF 4 , and 66 seem Ar, was used. This gas 

A . ;i kj 40 seem CHF 3 , 1 1 seem 30 composition provided a CHF 3 :NH 3 flow ratio of about 3: 

NH 3 , 1 < rrn Ar was used. This gas 1 , and a CHF 3 :CF 4 flow ratio of about 6.6:1 . The pres- 

comp*- flow ratio of about 4:1. sure in the chamber 50 was maintained at 138 mTorr, 

The p 10 was maintained at 1 38 and the support maintained at a temperature of -30°C. 

mTon. : .ined at a temperature of A plasma was formed from a process gas by applying a 

-30°C 'rom the process gas by 35 current at a power level of about 1000 Watts to the elec- 

apply i ovel of about 1 000 Watts trodes 60, 65 in the process chamber 50, and the plas- 

to the process chamber 50, and ma was enhanced using a rotating magnetic field having 

the pt ; .;sing a rotating magnetic a strength of 38 Gauss. 

field h- " v-iauss. In example 3, the silicon dioxide dielectric layer was 

i the effectiveness of a 40 etched at etch rates greater than 900 nm/minute, and 

CHF 3 • 1:1, which provided a sil- an etching selectivity ratio of silicon dioxide to TiN of 

iconu tg 600 nm/minute. In ad- greater than 30:1 was obtained. The etched features 45 

dition. , for etching silicon diox- had a profile angle of greater than 89°. 

ide re' ' 00:1 were obtained, and 

etchir on dioxide to photoresist 45 Example 4 

of 00;-, *o, etched profile angles 

greatc ci. This example is provided to demonstrate use of a 

process gas comprising fluorohydrocarbon gas, NH 3 - 

Exarr : generating gas, carbon-oxygen gas, fluorocarbon gas, 

50 and inert gas, to show the advantages of adding carbon- 

T ! io demonstrate the effect oxygen gas to the process gas. 

of a c .rohydrocarbon gas:NH 3 - The process gas comprised 40 seem CHF 3 , 11 sc- 

genei \trate use of fluorocarbon cm NH 3 , 40 seem CO, 11 seem CF 4 , and 80 seem Ar. 

gas. L ctric layer 20 comprised This gas composition provided a CHF 3 :NH 3 ratio of 

boron -a (BPSG) having a thick- ss about 4:1 , and a CO:CHF 3 ratio of about 1 :1 . The pres- 

ness « -I underlayer 26 compris- sure in the chamber 50 was maintained at 1 38 mTorr, 

ing Ti* A. and the support maintained at a temperature of -30°C. 

T' aod 55 seem CHF 3 , 1 1 sc- A plasma was formed trom a process gas by applying a 
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:'>out 1000 Watts to the elec- 






dielectric layer supported thereon in a process 
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< chamber 50, and the plas- 






zone, and forming a plasma from process gas intro- 
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tating magnetic field having 






duced into the process zone to etch the dielectric 
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layer on the substrate; 


Tlv. 


J an etching selectivity ratio 
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characterized in that: 


of etch; ,: 


-olysilicon of oo;i, which is a 
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or conventional processes. 
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The extremely high polysili- 
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con ei 


<o combination with high sil- 
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a liquefaction temperature L T from -60 to 20°C; 
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- ovides a large process win- 






and (iii) oxycarbon gas containing carbon and 


dow fo 


!rate 25 in a range of differ- 






oxygen bonded to each other; and 
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•cut significantly reducing the 






(2) the substrate and the dielectric layer is 
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oxide layer. This is a partic- 






maintained at a temperature (L T - 50)°C to (L T + 
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Jifferent material combina- 
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A method according to claim 1 characterized in that 
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s to an etching process that 








uses r 


and process conditions to 






(1) the NH 3 -generating gas is one or more of 


obtain 


is of up to 900 nm/minute 


20 




NH 3 , NH 4 OH, CH 3 NH 2) C 2 H 5 NH 2 , and 
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A method according to claims 1 or 2 characterized 


cover 


ind polys i I icon etch rates 
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•d curve for increasing flow 
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7. 


A method of etching a dielectric layer supported by 
a silicon wafer or other substrate, the method com- 


Claire 




55 




prising the steps of placing the substrate and the 
dielectric layer supported thereon in a process 


1. A 


' olectric layer supported by 






zone, and forming a plasma from process gas intro- 


a 
f 


;bstrate, the method com- 
ng the substrate and the 






duced into the process zone to etch the dielectric 
layer on the substrate; 
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•-r i^ecl in ihat the process gas is a mix- 
■ 3 , r 4) NM 2 , CO, and inert gas. 



8. Ar ' according to claim 7 characterized in that 
th :ratc and dielectric layer thereon is main- 
ly ;orpf ■jratures from -110°C to 70°C. 



9. Ar *c :o( ding tc claim 7 or 8 characterized in 

th,/ -otric flow ratio of 

■: i !~ 3 -i MH 3 is from 2.5:1 to 7:1; 
' O to" '*,H F 3 is f com 0. 1 : 1 to 1 : 1 ; and 
,\ ; i . ,:HF-. is ;rom 0:1 to 1:2. 
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tethod of etching a dielectric layer supported by a silicon 
,e comprises: (a) placing the substrate supporting the 
•cess zone;- (b) etching the dielectric layer using a 
rocess gas comprising (i) fluoro-hydro carbon gas for 
sing etchant species; (ii) ammonia-generating gas having 
ure LT of -60 to 20 deg. C; and (iii) oxycarbon gas; 
id dielectric layer are maintained at (LT-50) deg. C to 



:-on oxide, the process can be used to etch, e.g. 
les, and carbides. The process is useful in 
::d circuit fabrication to electrically isolate devices or 
.ubstrate (e.g. monocrystalline silicon, polysilicon 
- diffusion barrier layers, e.g. titanium silicide or 
etching holes between interconnect lines, the holes 
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:t!y filled with electrically conductive material to form 
r (holes or vias) to connect devices formed on the 
, nnect lower levels of interconnect lines to upper levels 



igh etching selectivity ratios of etching silicon oxide to 
> 1 00:1 , etching profile angles higher than 85 deg. ; and 
i rates of 600-900 nm/minute (9000 Angstrom /minute), 
->r ^sing windows under a range of different process 



- 0:US5814563A 
.STRACTS: A method of etching a dielectric layer supported by a 
-tic— substrate comprises: (a) placing the substrate — 

2le 



'ric layer in a process zone; (b) etching the dielectric 
formed from a process gas comprising (i) fluoro-hydro 
3 fluorine-containing etchant species; (ii) 
jas having a liquefaction temperature LT of -60 to 20 deg. 
gas; and (c) the substrate and dielectric layer are 
deg. C to (LT+50) deg. C. 

icon.oxide, the process can be used to etch, e.g. . 
cies, and carbides. The process is useful in 
ated circuit fabrication to electrically isolate devices or 
) substrate (e.g. monocrystalline silicon, polysilicon 
>r diffusion barrier layers, e.g. titanium silicide or 
etching holes between interconnect lines, the holes 
,ed with electrically conductive material to form 
(holes or vias) to connect devices formed on the 
nnect lower levels of interconnect lines to upper levels 
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YER HIGH ETCH RATE HIGH SELECT RATIO PLASMA FORMING MIXTURE 
ON AMMONIA GENERATE OXY CARBON OPTION FLUOROCARBON 
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1 VIAS SILICIDE BORIDE NITRIDE CARBIDE 
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